Hyperspectral imaging (HSI) systems collect both spatial (morphological) and spectral (chemical) information from a sample. HSI can provide sensitive analysis for biological and medical applications, for example, simultaneously measuring reflectance and fluorescence properties of a tissue, which together with structural information could improve early cancer detection and tumour characterisation. Illumination uniformity is a critical pre-condition for quantitative data extraction from an HSI system. Non-uniformity can cause glare, specular reflection and unwanted shading, which negatively impact statistical analysis procedures used to extract abundance of different chemical species. Here, we model and evaluate several illumination systems frequently used in wide-field biomedical imaging to test their potential for HSI. We use the software LightTools and FRED. The analysed systems include: a fibre ring light; a light emitting diode (LED) ring; and a diffuse scattering dome. Each system is characterised for spectral, spatial, and angular uniformity, as well as transfer efficiency. Furthermore, an approach to measure uniformity using the Kullback-Leibler divergence (KLD) is introduced. The KLD is generalisable to arbitrary illumination shapes, making it an attractive approach for characterising illumination distributions. Although the systems are quite comparable in their spatial and spectral uniformity, the most uniform angular distribution is achieved using a diffuse scattering dome, yielding a contrast of 0.503 and average deviation of 0.303 over a ±60°field of view with a 3.9% model error in the angular domain. Our results suggest that conventional illumination sources can be applied in HSI, but in the case of low light levels, bespoke illumination sources may offer improved performance.
Introduction
Hyperspectral imaging (HSI) is based on the acquisition of a three-dimensional data cube (figure 1), composed of two spatial dimensions (x, y) and one spectral dimension (λ). The hyperspectral data cube is constructed using one of four major acquisition modes: spatial-scanning [1] , spectral-scanning [2] , spatio-spectral scanning [3] , and snapshot (non-scanning) [4] .
HSI is emerging as a new modality for biomedical imaging, with potential for wide ranging applications based on the combination of information available from both morphological and chemical features [2] . In particular, recent advances in HSI technology [5] [6] [7] have facilitated analysis of the reflectance and fluorescence characteristics of tissue, which may improve cancer diagnosis and monitoring of disease progression [2] .
Underlying tissue pathology can be assessed using tissue optical properties by acquiring data with a wide-field HSI system applied to excised tissue samples. Both broadband illumination for diffuse reflectance [8, 9] and narrowband illumination for fluorescence imaging [10, 11] have been used to date, demonstrating the feasibility of using HSI to study tissue pathology. To retrieve clinically relevant diagnostic information from wide-field HSI data, a given spectral signature must be consistently represented in all spatial parts of the image [5] . To achieve this, the whole sample must be equally well illuminated across the entire spectrum with high efficiency, without spatial (figure 2(A)), angular (figure 2(B)) or spectral non-uniformities (figure 2(C)). This is true regardless of the data acquisition mode. When recording data from freeform geometries such as biological tissue, the illumination can be particularly sensitive to angular uniformity, where the non-flat nature of excised tissue samples can cast shadows and other occlusions. Preprocessing techniques such as normalisation have been used to minimise the impact of non-uniform sample illumination [13] , however, such operations may distort the integrity of the final processed image data by introducing noise, resulting in an associated dynamic range penalty [14] . Low-quality data arising from illumination non-uniformity significantly reduces the performance of multivariate statistical analysis techniques [12] , hence it is beneficial to optimise the illumination according to spatial, angular and spectral uniformity.
Common lighting solutions for wide-field imaging employ the concepts of merging irradiance distributions and scattering light. Such approaches effectively average a series of individual, potentially non-uniform, distributions to produce a more diffuse and homogeneous result [5] . Three of the most common examples of these techniques include fibre optic [12] or light emitting diode (LED) [15] ring lights, and dome illumination [16, 17] . While spatial non-uniformities can be measured by imaging a uniformly reflecting target, evaluating angular uniformity is experimentally more challenging, needing complicated and specialised equipment. Furthermore, while conventional (non-spectral) imaging systems integrate total irradiance across all wavelengths of light incident at the detector, HSI is sensitive to any spectral nonuniformity in the optical elements delivering the illumination or the light source (figures 2(C) and (D)).
Here, we use ray-tracing simulations, commonly used for optical design and analysis, to evaluate spatial, angular, and spectral illumination uniformity for three common illumination systems used in wide-field HSI. Previous work has experimentally investigated the spatial and angular uniformity of fibre optic ring lights and illumination domes [5] . We model both of these geometries, as well as an LED ring system. In addition to characterising uniformity in the spatial, angular, and spectral domains, we also consider the efficiency of each system. Uniformity is assessed using two standard metrics (contrast, average deviation) and a new generalised approach based on the Kullback-Leibler divergence (KLD) for each of spatial, angular and spectral uniformity [5, 18] . The KLD is an extension of the concept of entropy, which has previously been applied to characterise the uniformity of an illumination distribution, given perfectly uniform illumination has zero entropy [5] . The KLD is a measure of the difference between two probability distributions and has previously been proposed as a means to assess illumination levels, classifying brightness and contrast for imaging enhancement [19] ; to the best of our knowledge, the assessment shown here is the first attempt to apply this concept as a uniformity metric. Based on our simulations, we find that the diffuse scattering dome provides the most uniform illumination solution for HSI.
Methods

System models
We modelled and evaluated three different illumination systems: a commercially available fibre ring light (FRL, figures 3(A) and (D); FRI61F50, Thorlabs, USA); a custommade LED ring (figures 3(B) and (E)); and a commercial diffuse dome illumination system (figures 3(C) and (F); MB-DL306, Vision Light Tech, USA). To perform the comparison, each was modelled using the optical design and analysis software LightTools (Synopsis, Pasadena CA) and FRED (Photon Engineering, Tucson AZ).
2.1.1. Fibre ring light. The FRL is a professionally manufactured system (FRI61F50, Thorlabs) made to mount onto a standard upright microscope. The source element is a set of five concentric fibre rings, where each ring is composed of the ends of a set of single-mode fibres that are angled toward the centre of the ring to emit light toward the sample. The maximum outer diameter of the rings is 55 mm; each of the five rings is 70 μm in width and radially spaced by 30 μm. The set of fibres are combined into a fibre bundle, which is coupled to a light source, offering a high degree of flexibility. Here, we couple the bundle to a halogen bulb (OSL2 Fibre Light Source; Thorlabs, USA). The geometry was modelled in the software according to the manufacturer specifications [20] . The emitting area consists of approximately ten thousand single-mode fibres. Each fibre is oriented at an angle of 10°toward the centre of the ring to produce a directional lighting effect. Due to the random nature of the fibre distribution, the emitting area is effectively Figure 1 . The hyperspectral cube is composed of two spatial dimensions (x, y) and one spectral dimension (λ). For each spatial pixel, a full spectrum is captured. approximated as a spatially uniform source, with the angular distribution matching that emitted by a single fiber in the bundle [21] . Finally, the halogen light source spectrum provided by the manufacturer was digitised into the software ( figure 2(D) ).
LED ring.
The LED ring is a custom laboratory system developed for fluorescence imaging, composed of a copper ring suspended above the sample. Two colours of high power LED sources are distributed around the circumference of the ring to provide fluorescence excitation (Rebel Amber 590 nm, Deep Red 655 nm; Lumileds, USA). Six sources of each colour are equally spaced around the ring, with a sheet of transmissive photographic diffuser paper (Lee White Diffusion; Calumet Photographic, UK) inserted beneath the ring to homogenise the illumination [15] . We later exchange the colour LEDs for a white LED of similar optical properties to examine the spectral uniformity (figure 2(D), Rebel White, 4300 K; Lumileds, USA). The ring geometry of the system was input into the software and the LED source elements were modelled using the geometric and emittance (spatial and angular) properties of each LED obtained from the manufacturer. The diffusing sheet was modelled as a transmissive scattering medium with Lambertian properties [22, 23] .
Illumination dome.
The illumination dome is a professionally manufactured system (MB-DL306, Vision Light Tech), composed of a hemisphere with eight emitting LED sources distributed around the inner base of the dome and an aperture located at the apex to enable imaging of samples within the dome. The inner surface of the dome is coated with a highly reflective, diffusing material to homogenise the light reaching the sample, which is placed at the centre of the hemisphere. A 4 inch (101.6 mm) dome diameter was selected for the purpose of this model and a 98% reflectance coating with a Lambertian scatter profile was applied per the manufacturer specifications [24] . The same geometric and emittance properties used for the LED sources in the LED ring model are employed here. The imaging Following the complete modelling of the geometric and optical properties of each system, the sample was set as a 35 mm×35 mm plane, with the detection surface divided into 71 bins in x and y. For the FRL and LED ring, the working distance was set at 140 mm, which is the manufacturer-recommended operating distance for the FRL [20] . To simulate the illumination distributions accurately, the required ray number to reduce the error below 5% (or two standard deviations using Gaussian statistics) was computed with the standard Rose model [25] , using the formula:
where M min is the minimum number of rays to achieve a given model error, ray h is the ray transfer efficiency, A A o ¢ is the ratio of the bin area to the total sample area, equaling the number of bins used to divide the sample area, k is the Z-score of a standard normal distribution to achieve the desired level of uncertainty (in this case 5%) and C is the level of variation that can be discerned from the background, which was chosen as 1% to allow low-contrast features to be resolved. The ray transfer efficiency differs for each system and was found by running preliminary ray traces with approximately 10 000 rays; it has been shown previously that very few rays are required to accurately sample this parameter [25] . Once the ray number is set, the ray-tracing simulations were run five times for each system and averaged. The output irradiance and intensity distributions were then analysed to evaluate the uniformity using Python.
Assumptions and limitations.
A number of assumptions were made in the construction of the models. Firstly, it is assumed that all components and associated materials properties are homogeneous and exact. Manufacturing variation and defects are not considered. In practice, manufacturing tolerances and other sources of statistical variation may alter the result. Secondly, the scattering media in the LED ring and dome systems are assumed to scatter according to Lambert's law; in practice, there may be some deviation from this expectation, particularly at extreme scattering angles. Finally, the simulations do not account for stray light in the surrounding environment, but this tends to be experimentally mitigated and has therefore not been considered in the current model.
Inherent limitations are imposed due to the nature of discretisation and computer precision. Due to the division of the detection surface into a finite number of bins, the discernible high-frequency spatial variation in the signal is theoretically limited by the Nyquist frequency. Increasing the bin number would mitigate this effect, however, computation time increases with the number of bins hence these two factors must be balanced.
Performance metrics
To evaluate each system quantitatively, figures of merit were established to assess the performance in terms of the criteria of spatial, angular and spectral uniformity, as well as optical efficiency. For the spatial and angular uniformity results, an analysis of variance (ANOVA) test was then applied to evaluate the statistical significance of the findings.
2.3.1. Spatial uniformity. The performance metrics for spatial uniformity are computed by evaluating the irradiance distribution at the object plane. Two particular features of the distribution are of interest: the maximum deviation of illumination levels and the spread of the distribution. The former characterises the contrast by considering the extreme values in the distribution, whereas the latter provides a more statistically stable measurement to capture noise characteristics. The maximum deviation is quantified by the contrast ratio, defined as:
where E corresponds to the spatial irradiance distribution at the sample plane, in units of W mm −2 . This metric ranges between zero and one, where zero represents a perfectly uniform distribution. The average deviation, also known as the coefficient of variation, is used to characterise the spread of the distribution, defined as:
where E s corresponds to the standard deviation of the distribution and Ē is the mean value. Perfectly uniform illumination is once again represented by a value of zero; however, in this case the metric can exceed a value of one.
Kullback-Leibler divergence.
While the contrast ratio and average deviation metrics are useful to quantify the variation of a relatively flat illumination distribution, shaped distributions may be desirable for some applications and an alternative approach would be required to characterise the quality. Here we introduce the KLD as a general approach to measure illumination quality, which may be applied to arbitrarily shaped illumination distributions. The KLD is generally used to evaluate how much information is lost when a theoretical probability distribution Q is used to approximate an observed distribution P. Here, Q is given by a two-dimensional uniform distribution, which has equal value everywhere and sums to one. P is the illumination distribution that is obtained through the ray-tracing simulations of each system, normalised to sum to one.
The KLD between an observed distribution P, and a theoretical distribution Q is defined as:
for all P i 0 ¹ ( ) where i represents a discrete index corresponding to a single pixel in the observed distribution. Wherever P i 0 = ( ) , the contribution from the ith term is nulled, as 
With this normalisation, the value of D ranges between zero and one, where a value of zero indicates a perfectly uniform distribution (consistent with the metrics defined in section 2.3.1).
2.3.3. Angular uniformity. The angular uniformity of a system is characterised by evaluating the intensity distribution of a system in units of W steradian −1 . The metrics defined above are used with one additional qualification imposed. In our geometry, the sample is limited to receiving light from a hemispherical solid angle, as the rear side of the object is placed on a flat surface, such as a laboratory bench. Furthermore, the system geometry of the FRL and LED ring further limits this angular subtense of incident light. We therefore calculated the angular uniformity metrics for the full ±90°hemisphere as well as for subregions of ±80°and ±60°.
Spectral uniformity.
In the spectral domain, uniformity can be defined in two distinct ways. The first consideration is the shape of the illumination spectrum. While a flat spectrum is highly desirable to have equal spectral representation across the object, commonly used sources such as tungsten filaments, halogen bulbs, [26, 27] or white light LEDs [16] have distinctly non-flat distributions. To improve this form of spectral uniformity, filters can be employed to selectively attenuate the source power and, more recently, custom LED light sources are being tailored to produce a tunable spectrum [28] . We do not quantitatively measure this non-uniformity, as we are focused on evaluating the optical processes involved in distributing the light.
The second aspect of spectral uniformity is the wavelength dependence of spatial and angular uniformity. The LED ring and illumination dome were first altered to produce broadband illumination by replacing the narrowband LED sources with white-light LEDs (Rebel White, 4300 K; Lumileds, USA) with similar emission properties to the original sources. The spectral uniformity was then assessed by re-calculating all metrics in narrow wavelength bandpasses of 100 nm throughout the full illumination spectrum, which is set to range between 400 and 1000 nm to represent visible and near-infra-red imaging. A linear regression is applied to each set of measurements and by testing a null hypothesis that the linear fit possesses zero gradient, it was determined whether any significant trend exists. We applied a relatively coarse 'multispectral' rather than hyperspectral wavelength sampling in this work due to the computational expense of the calculation for each band. While this may extrapolate to the hyperspectral case for optical elements whose spectral response varies slowly as a function of wavelength, such as the scattering elements employed here, for optical elements with high frequency spectral variation, finer sampling would be necessary to truly represent the HSI case.
2.3.5. Efficiency. System efficiency is an important parameter, as it provides insight into operational characteristics such as power use, heat dissipation, test duration, etc. As such, the efficiency for each system is characterised using the equation:
where P emitted corresponds to the power leaving the emitting area of the source, P sample represents the total power received by the 35 mm×35 mm sample plane and c h refers to the system coupling efficiency, which accounts for losses in the system prior to the emission of light. For the simulations in this study, P emitted was normalised to 1.0 W; therefore the power ratio term in the expression is simply found by integrating the total power over the detection surface.
2.3.6. Spatial uniformity dependence on working distance.
The FRL and LED ring systems have variable working distances, defined as the distance between the source and the sample, which will impact illumination uniformity. For the dome, this distance is fixed and therefore the dome is not considered. In particular, the spatial distribution can evolve significantly over a small distance depending on the incident ray angle. To evaluate the dependence on the working distance, a series of simulations were run for both the FRL and LED ring systems, where the distance between the source and object was varied between 30 and 140 mm in increments of 10 mm. For the LED ring system, the distance was measured between the object and the diffuser paper, resulting in an overall shift of the working distance of 40 mm compared to the FRL. Here, only the spatial uniformity is interrogated; the ray angle of incidence is not affected as working distance 
Results
Spatial and angular uniformity
The spatial and angular distributions simulated for the FRL ( figure 4(A) ), LED ring ( figure 4(B) ) and illumination dome (figure 4(C)) were used to compute the average deviation, contrast ratio, and KLD ( figure 5) . Qualitatively, while all three systems perform well in the spatial domain, the angular distributions are highly non-uniform. Quantification of the uniformity metrics (contrast ratio, average deviation and KLD) shows that the FRL yields the lowest values, i.e. highest spatial uniformity, in all cases (p<0.01 by ANOVA). The FRL is closely followed by the dome ( figure 5(A) ). In terms of angular uniformity, the FRL yields the poorest performance by an order of magnitude ( figure 5(B) ), with the LED ring only slightly better. This is expected given that the geometry of the ring systems fundamentally limit the angle at which light can strike the object. The directional nature of fibre illumination in the FRL results in a further restricted angular distribution. Assessment of angular uniformity highlights the limitations of the contrast ratio metric; the contrast ratio is equal for both the FRL and LED ring, but the LED ring is clearly more uniform by visual inspection ( figure 4(B) ) and according to the average deviation and KLD. Angular uniformity is optimal using the illumination dome (p<0.0001 by ANOVA).
Spectral uniformity
All three systems perform consistently across the spectrum in both the spatial and angular domains ( figure 6 ). We applied a linear regression analysis to determine whether the linear fit possesses zero gradient; in all cases we found p>0.25 (table 1) indicating that no significant trends exist in the data. These results support the hypothesis that the coarse spectral sampling of 100 nm is representative of the spectral behaviour for optical elements with relatively flat spectral responses such as diffusers; any deviations, whether with a functional form or random, would be reflected in the form of a lower pvalue in the hypothesis test.
Efficiency
To assess efficiency, we scaled the source power to 1.0 W and integrated the incident power over the object plane to yield the total power reaching the surface, accounting for any coupling losses not captured by the models. The efficiency of the illumination dome was highest at 7.57%±0.51%, with the FRL second at 4.54%±0.33% and the LED ring poorest at 0.15%±0.15%.
Spatial uniformity dependence on working distance
Analysing the spatial uniformity as a function of working distance indicates that the FRL has a significant increase in uniformity as the working distance is increased from 30 mm to approximately 120 mm ( figure 7(A) ), but beyond 120 mm, changing the working distance has little effect. The LED ring exhibits comparatively little variation ( figure 7(B) ), though it exhibits a non-zero linear trend for all three metrics (contrast: p<0.05; average deviation and KLD: p<0.001), indicating decreased uniformity at greater working distances.
Discussion
Illumination uniformity is crucial for accurate analysis in HSI. Here, we described the modelling and evaluation of three illumination systems commonly used in wide-field HSI. Using two optical design and analysis software packages, the geometric and optical properties were modelled and simulations were run to determine the irradiance and intensity distributions incident on the sample. Spatial, angular, and spectral uniformity were assessed, along with the efficiency, using two common metrics (contrast ratio and average deviation) and a new approach based on the KLD. The KLD produces a relative value consistent with the average deviation but is compatible with with a range of other applications including: beam shaping [29] and profiling [30] ; modal noise characterisation [31, 32] ; as well as structured illumination and projection [33] [34] [35] . The KLD therefore presents a broadly applicable metric with great potential for the general assessment of illumination quality.
All three systems yield high spatial and spectral uniformity, with the FRL performing the best spatially albeit by a narrow margin. The illumination dome geometry performs significantly better than the FRL or LED ring in terms of angular uniformity and efficiency, which taken together with the favourable spatial and spectral uniformity results, indicate that this geometry is most suitable for biomedical HSI.
While these results are encouraging, we identified a number of challenges for future investigation. For spectral uniformity, we used a relatively wide bandpass of 100 nm. In applications such as fluorescence imaging, where potential non-uniformities may occur on narrower ranges, such as 10 nm or less, simulating illumination on this scale will be necessary but computationally expensive. All three systems performed relatively poorly in the angular domain compared to the respective spatial distributions. This result suggests that designing new approaches that improve on this aspect of illumination uniformity would be of value for implementation of future HSI systems. For low light level applications such as fluorescence imaging, current illumination systems may not be sufficient to maximise detection capabilities. The modelling approach demonstrated here could in future be used to rapidly evaluate novel illumination designs that improve upon angular uniformity or maximise performance by multiplexing broadband and narrowband illumination.
Conclusion
We simulated the illumination distributions of three source geometries commonly used in wide-field HSI. We compared three metrics to assess their performance: contrast ratio; average deviation; and the KLD. The average deviation and KLD prove to be equivalently suitable for this analysis; taken together with the broad potential of the KLD for illumination quality our findings suggest that this metric is the most appropriate. The system analysis results indicate that an illumination dome provides the best angular uniformity along with high efficiency, whereas the fibre ring light yields the most uniform spatial illumination. Tailoring systems to satisfy the unique illumination requirements for a given application may therefore be necessary to maximize the potential of HSI systems in wide-field biomedical imaging applications.
